Abstract The novel class of dual-family immunophilins (henceforth abbreviated as DFI) represents naturally occurring chimera of classical FK506-binding protein (FKBP) and cyclophilin (CYN), connected by a flexible linker that may include a three-unit tetratricopeptide (TPR) repeat. Here, I report a comprehensive analysis of all current DFI sequences and their host organisms. DFIs are of two kinds: CFBP (cyclosporin-and FK506-binding protein) and FCBP (FK506-and cyclosporin-binding protein), found in eukaryotes. The CFBP type occurs in select bacteria that are mostly extremophiles, such as psychrophilic, thermophilic, halophilic, and sulfur-reducing. Essentially all DFI organisms are unicellular. I suggest that DFIs are specialized bifunctional chaperones that use their flexible interdomain linker to associate with large polypeptides or multisubunit megacomplexes to promote simultaneous folding or renaturation of two clients in proximity, essential in stressful and denaturing environments. Analysis of sequence homology and predicted 3D structures of the FKBP and CYN domains as well as the TPR linkers upheld the modular nature of the DFIs and revealed the uniqueness of their TPR domain. The CFBP and FCBP genes appear to have evolved in parallel pathways with no obvious single common ancestor. The occurrence of both types of DFI in multiple unrelated phylogenetic clades supported their selection in metabolic and environmental niche roles rather than a traditional taxonomic relationship.
Introduction
In Nature, two classes of immunophilins have been recognized for a long time, cyclophilin (CYN) and FK506-binding protein (FKBP) (Galat 2003) . [Of note, although the cyclophilins are often given the acronym CYP, I have used the recently accepted root, CYN (Nebert et al. 2004 ) in this paper]. Members of both CYN and FKBP classes primarily function as chaperones that assist and regulate the folding of client proteins. In 2005, our team reported the founding members of dual-family immunophilins (DFI) that were recognized as natural chimera of the catalytic modules of CYN and FKBP, joined in either order, by a linker region (Adams et al. 2005; Barik 2006 ). Based on the order of the two modules, the DFIs were later subdivided into two types, with separate acronyms: CFBP (Cyclosporin-and FK506-binding protein, with the architecture CYN-linker-FKBP) and FCBP Electronic supplementary material The online version of this article (doi:10.1007/s12192-017-0813-x) contains supplementary material, which is available to authorized users.
Methods

Sequence comparison
Multiple sequence alignments were performed by Clustal Omega (Sievers et al. 2011) at the EMBL-EBI web server (McWilliam et al. 2013 ) using MBED-like clustering guide tree and HMM profile-profile techniques with default parameters. The output, obtained without residue numbering, was saved in the Newick format and redrawn using the phylogenetic tree printer at the Indiana University web site (http:// iubio.bio.indiana.edu/treeapp/treeprint-form.html), from which the phenogram tree with default tree growth and node positions was printed in the rooted form.
Homology-based 3-D structure 3-D modeling was done with I-TASSER (Yang et al. 2015b) , which starts from experimentally determined structure templates in the PDB library and uses multiple threading programs by LOMETS, each of which can generate thousands of alignments. I-TASSER only accepts templates of the highest significance in the threading alignments measured by Z-score. One template of the highest Z-score was selected from each threading program, where the threading programs were sorted by the average performance in the large-scale benchmark test experiments. The simulations generated a large ensemble of structural conformations. The final models were selected using the SPICKER program to cluster all structures based on the pair-wise structure similarity, and four models, corresponding to the four largest structure clusters reported, were displayed in Fig. 2 . The confidence of each I-TASSER model is quantitatively measured by C-score based on the significance of threading template alignments and the convergence parameters of the structure assembly simulations.
TPR sequence analysis
The published procedure of the Regan laboratory (Sawyer et al. 2013) was followed, in which the modules of each TPR were aligned to identify repeat-specific features. Since some of the TPR domains had spacer amino acids between the individual repeats, I refrained from analyzing the full 3TPR and compared only the exact TPR motifs. Due to the degeneracy of TPR sequences in general, 34 amino acid residues for each motif were visually demarcated, whereby the most universal residues, also conserved in strategic positions of the FCBP TPRs, served as alignment landmarks (Supplementary Material 1). A total of 30 FCBP 3TPRs were analyzed, and the amino acid frequencies in each position of each motif were plotted by the sequence logo presentation (Fig. 5) . The FCBP TPR sequences were also compared head-to-head with the published data of 974 global 3TPRs (Sawyer et al. 2013 ), which did not include the FCBP TPRs.
Results
DFI genes occur in select microorganisms only
In an effort to gain an ecological and phylogenetic clue to DFI function, I note the following characteristics of the DFI organisms.
(a) Minority bacteria and eukaryotes: DFI is absent in most living species; as mentioned above, none could be found in higher, multicellular eukaryotes (metazoa), including human. Whereas the CFBPs occur in select bacterial species, the FCBPs are found in simple, primitive eukaryotes ( Fig. 1 ; Supplementary Materials 1 and 2). The vast majority of CFBPs are found mainly in Flavobacteria and Spirochetes, and the majority of FCBPs are found in Apicomplexa and the closely related Ciliophora (Lee and Kugrens 1992) . No well-characterized archaeal organism contained FCBP/CFBPs (Supplementary Material 2). Overall, the DFI genes are found in complex bacteria or simple protozoa. For example, Spirochetes are bacteria with a distinctive long, helically coiled (spiral) shape, and many have complex life cycles, spanning insect carriers and mammalian hosts (Paster and Dewhirst 2000; Charon et al. 2012; Vedantam and Viswanathan 2012) . Essentially, all Flavobacteria switch from rodshaped cells to long filaments that can intertwine to form clumps (Jooste and Hugo 1999) . They also contain a variety of pigments such as yellow pigments (Verma and Rathore 2015) or proteorhodopsin and can be stimulated by light (Gómez-Consarnau et al. 2007 ); Yoshizawa et al. 2014) . In another example, R. biformata forms characteristic rusty red pigmented colonies and, like many Flavobacteria, contains genes for the complex pathway of carotenoid biosynthesis (Oh et al., 2009) . The complexity and novelty of the Bacteroidetes Phylum, specially the Flavobacteria family, are also underscored by the fact that many microbes in this family have been phylogenetically reclassified from different initial assignments (Jooste and Hugo 1999; Yoon et al. 2012 ). (b) Degradative enzymes: Many DFI organisms are heterotrophs, encoding genes for degradative enzymes that allow them to survive on diverse high molecular weight compounds; such enzymes include protease, sulfatase, pectinase, chitinase, and α-amylases (Jooste and Hugo 1999; Abt et al. 2011; Bauer et al. 2006; Kirchman 2002; Klippel et al. 2011) . Some in fact derive their names from the ability to degrade and scavenge. Cellulophaga (neoLatin for Bcellulose-eating^) eponymously excretes hydrolytic enzymes that allow it to metabolize complex biomaterials, such as cellulose and other polysaccharides, proteins, amino acids, and even noncellular chemicals such as Tween, a detergent. Most Flavobacteria are in fact aquatic and major decomposers of high molecular weight organic matter (Klippel et al., 2011; Cottrell and Kirchman 2000; Woyke et al., 2011) . (c) Gliding motility: Many DFI organisms contain flagella or cilia that are used for gliding or swimming motility (Charon et al., 2012; McBride 2004) , essential for survival and nutrient scavenging in the wild (see below). Pioneering studies by the McBride laboratory, using Flavobacterium johnsoniae as a model, has identified a large set of genes (BGld^genes), all of which contributed to optimal gliding (McBride and Braun 2004; Braun and McBride 2005; Hunnicutt et al. 2002) . Cells with mutations in these genes grew as well as wild type in laboratory culture but were completely nonmotile. As mentioned earlier, our detailed biochemical studies characterized the GldI gene product as a CFBP (Adams et al. 2005) . Interestingly, three of the Gld genes comprised a putative ATP-binding cassette (ABC) transporter, a multisubunit complex (McBride 2004; Braun and McBride 2005) . Additionally, these investigators identified a novel protein secretion system, the Por secretion system (PorSS), in this family, and found that the PorSS genes are in fact a subset of the Gld genes, suggesting a relationship between the secretion system and motility (Rhodes et al. 2011; McBride and Zhu 2013) . The F. johnsoniae PorSS, for example, is needed for the assembly of the gliding motility apparatus as well as for the secretion of a chitinase. Recently, this group conducted bioinformatic analysis of 37 genomes of members of the Bacteroidetes phylum, which included several FCBPencoding bacteria in Table 1 , and found that the gliding motility genes and PorSS genes are widespread in this phylum (McBride and Zhu 2013) . Control genes, associated with other bacterial protein secretion systems, were less common. (d) Life in nutrient-poor habitats, requiring scavenging: Although phylogenetically diverse (see later), many DFI organisms, particularly Flavobacteria, live in aquatic environments such as marine waters with exceedingly low concentrations of organic nutrient and, therefore, must possess an active nutrient transporter system for scavenging. Not surprisingly also, many DFI organisms can degrade high molecular weight organic matter, as mentioned above. Most Spirochetes and Apicomplexa are pathogens that must scavenge available nutrients in their niche tissues; for instance, T. denticola, a periodontal pathogen, thrives in the anaerobic conditions under the gum (Frederick et al. 2011; Sela 2001) . Capnocytophaga spp. are Gram-negative, microaerophilic, and CO 2 -requiring found in the oropharyngeal tract of mammals and cause infections in animal bite wounds as well as periodontal diseases (Jolivet-Gougeon et al. 2007) . (e) Extremophiles: Many, if not all, of these organisms (Supplementary Material 2) live in various degrees of extreme habitats and often derive energy from the reduction of exotic substrates. For example, Desulfotalea psychrophila is a marine, sulfate-reducing, deltaproteobacterium that is ice-dwelling (sympagic) and can grow at subzero temperatures (Rabus et al. 2004 ); Flavobacterium psychrophilum is a psychrotroph that infects diverse species of cold water salmon and trout (Duchaud et al. 2007; Nematollahi et al. 2003) ; Psychroflexus torquis represents a group of Antarctic ice-derived psychrophilic proteobacteria (Feng et al. 2014 ); Borrelia hermsii, causative agent of tick-borne relapsing fever (Di et al. 2014) , must survive at the febrile temperature resulting from the host's response to the parasite. Lastly, nearly all Flavobacteria and many Spirochetes use a large variety of substrates and are also flexible in this behavior. Treponema spp., the first spirochetes to be isolated from termite hindguts, can use H 2 p l u s C O 2 a s s u b s t r a t e s a n d a r e c a p a b l e o f homoacetogenic growth on mono-and disaccharides and (in the case of ZAS-2; Supplementary Material 2) methoxylated benzenoids (Graber and Breznak 2004) . They are also capable of mixotrophic growth, i.e., simultaneous utilization of H 2 and organic substrates. As its name implies, Desulfobulbus propionicus is able to disproportionate elemental sulfur to sulfate and sulfide and is of great environmental and industrial interest not only due to its impact on the sulfur cycle in aquatic sediments but also its large substrate spectrum and a broad versatility in using various fermentation pathways (Pagani et al. 2011 ).
In what follows, I explored the molecular aspects of the DFIs in an attempt to understand the unique features described above.
Modular and unique domain arrangements of the DFIs
The domain arrangements of the DFI family polypeptides exhibited several notable patterns. While the dual-family immunophilins are rare, the single-family double immunophilins, i.e., CYN-CYN or FKBP-FKBP, are actually even rarer (Galat 2003) . Specifically, there is currently no example of a chimeric CYN-CYN polypeptide, and the domain structures of the two highly similar double-FKBPs, designated as FKBP51 and FKBP52, comprised two linked FK506-binding domains (of which only one has PPIase activity), followed by a TPR domain at the C-terminus (Galat 2003) . The FKBP51/52 are found in the mammals, which do not encode any DFI (Fig. 1) . Thus, the FCBP-type DFIs are the only examples of two immunophilin modules of any type connected by a TPR domain. Finally, in TPR -domain CYNs such as human CyP40 and yeast CyP42 and CyP45, the TPR domain is at the C-terminal side of the CYN domain. Thus, the FCBP is the only example of a CYN domain with a TPR to its N-terminal side. The significance of the unique domain structure of DFI chaperones must await an analysis of the relationship between structure and function.
Further examination of the DFI domains and the host organisms revealed several other important features. . This is reminiscent of the BlargeF KBPs in diverse species that contain one, two, or (in rare cases) three FKBP domains at their N-terminal side and a TPR domain at their C-terminal side; besides the FKBP51/ 52 mentioned above, they include Xap2, FKBP36, FKBP59, FKBP42, and FKBP62. Reciprocally, the Bsmall^FKBPs (e.g., hFKBP12) do not have TPR. Thus, it is possible that Dinoflagellates are very similar to other microbes with flagella/cilia, such as Apicomplexa and Ciliophora (also see Fig. 4 ), and therefore, the single dinoflagellate FCBP was not assigned a separate branch to conserve space. Note that the CFBP and FCBP lineages are well separated, making direct gene transfers implausible, thus suggesting their independent evolution. I propose that the DFI-encoding organisms, although they are phylogenetically diverse, constitute a new Operational Taxonomic Unit (OTU)
FCBPs were created by fusion of a eukaryotic, large FKBP-3TPR with CYN. Indeed, the occurrence of TPR in the FCBPs, but not in the CFBPs, parallels the greater prevalence of the TPR domains in eukaryotes over prokaryotes (Cerveny et al. 2013) .
DFI-neighboring genes often code for large and multisubunit proteins that are potential clients for chaperones
There is a large body of evidence in a variety of extant taxa that genes, clustered together in the chromosome, are often regulated as a unit (Ghanbarian and Hurst 2015; Michalak 2008) . These genes are often functionally related, and their protein products may also physically interact to form a complex (Michalak 2008; Fraser et al. 2004; Ge et al. 2001; Lee and Sonnhammer 2003) . The classic example of transcriptional co-regulation is the bacterial operon, although in eukaryotes the exact molecular mechanism of co-regulation of nuclear genes remains unclear. Co-regulation is most pronounced in the immediate vicinity (<100 kb) but may extend much further. With this premise in mind, I examined the chromosomal location of the DFI genes in a few representative organisms for which the genome sequences are well annotated and found that several of the immediate neighbors on either side of the DFI gene encode proteins that may have a higher need for folding assistance. As shown (Table 1) , these proteins are relatively large or constitute multisubunit complexes, and some of them are also membrane-bound, playing a role in transport or motility. As mentioned earlier, two of the first discovered DFI genes were F. johnsoniae CFBPs (Adams et al. 2005 ) and were located next to the GldI gene, one of several Gld family genes, essential for gliding motility and chitin utilization (McBride and Braun 2004) . It is to be noted that the GldI gene itself codes for a membrane lipoprotein (McBride and Braun 2004 ) with a domain that shows strong homology to FKBP and thus may also act as a chaperone in conjunction with the two CYN-FKBP paralogs that we reported (Adams et al. 2005) . One of the two CYN genes of Polaribacter dokdonensis, a flavobacterium (Yoon et al. 2006) , is a close neighbor of the CFBP gene (Table 1) , perhaps suggesting a co-operative role. Clearly, an extended analysis of DFI gene neighbors in multiple other organisms may reveal the full significance of these observations, but it is tempting to Only a few Flavobacterial CFBP are shown as representatives; however, to have a diverse coverage with nonredundant sequences, we avoided closely similar organisms such as two species of the same genus. Neighbors of F. johnsoniae CFBP genes have been described in detail by the McBride group (Braun and McBride 2005; McBride and Braun 2004) , and not shown here a Phytases, such as histidine acid phosphatase (HAP), are important for the bioavailability of essential phosphate from phytic acid; this gene is highly conserved in all Flavobacteria. Note that the next gene in this bacterial species is also a histidine phosphatase, as shown speculate that at least some of the proteins encoded by the neighboring genes could be either clients or accessories of the DFI chaperones and, therefore, have evolved to be expressed together with the DFI gene.
Predicted tertiary structure of a DFI
Our biochemical studies using deletion mutants of T. gondii FCBP documented that the CYN and the FKBP domains can function as independent modules (Adams et al. 2005) , and therefore, it was hypothesized that the linker region between them might allow the DFI chaperone the flexibility that it needs to use both modules simultaneously. As no crystal structure of a DFI is yet available, I conducted homology-based tertiary structure modeling of TgFCBP using the I-TASSER program, as described in BMethods,^selecting the top 4 models. As shown (Fig. 2) , in all four models the three domains of the structure are clearly discernible: the FKBP domain (with five antiparallel β-strands around a central α-helix, the so-called FK fold) (Sinars et al. 2003) , the three-TPR linker (i.e., helix-turn-helix × 3; abbreviated as 3TPR), followed by the CYN domain. While each domain structure is largely constant as expected, it is instructive that they show various degrees of orientation relative to each other, clearly due to both rotational and torsional flexibility of the 3TPR linker (Fig. 2) . Thus, the structural ensemble provides support for our simultaneous chaperoning hypothesis, since the FKBP and CYN domains are well separated and may adopt different relative orientations due to the structure and flexibility of TPR.
Origin and phylogeny of the DFI genes
First of all, neither the FCBP nor the CFBP gene is a simple duplication of a CYN/FKBP paralog in the same cell, since a free-standing CYN/FKBP gene does not even exist in many DFI organisms (Supplementary Material 2) , and when it does (e.g., in Croceibacter atlanticus), the sequence is nonidentical. To understand the evolutionary history of the DFI genes, I investigated the similarities among the DFI sequences by multiple alignment using Clustal Omega. The FCBP and CFBP sequences were aligned separately because of their different domain structures. These results (Figs. 3 and 4) revealed higher degrees of similarity within each phylogenetic set. For example, all Apicomplexa were clustered together as were all Spirochetes and Flavobacteria. Thus, the relationship among the DFIs conforms to the phylogeny of the organisms in which they occur. It is also notable that DFI genes are not strictly conserved in any given phylogenetic branch; for example, although several Apicomplexa encode DFI, others do not, a notable exception being Plasmodia, such as P. falciparum, causative agent of virulent malaria. I conclude that all DFI genes likely originated by gene fusion (without (Sayle and Milner-White 1995) as Bcartoon^display, and in each, the three domains were labeled (FKBP, 3TPR, and CYN). The structures were rotated to keep the FKBP domain (at the Nterminus) to the left so that the structural differences are more easily discernible. The 3D molecular models are also submitted separately as PDB files (Models 1-4) Fig. 3 Relationship among CFBP sequences. The phenogram of all major CFBP sequences was derived from multiple sequence alignment as described in BMethods.^The two large bacterial clusters (Spirochetes and Flavobacteria) and the three species of gammaproteobacteria are so marked. Desulfobolus propionicus, also a proteobacteria (Supplementary Material 2), was omitted here to conserve space, but was counted in Fig. 1 
Gammaproteobacteria Spirochete
Gammaproteobacteria
Flavobacteria duplication) sometime after the prokaryotes and the eukaryotes split, and the FCBPs originated after the creation of the Archaea branch (Fig. 1) , resulting in independent generation of CFBPs and FCBPs. Thereafter, the DFI sequences within each clade underwent further changes with time to select for the best fit in a particular habitat. Note that these alignments were performed with full-length DFI sequences, including the TPR, but as described below, I also analyzed the TPRs separately to tease out their unique sequence characteristics from the overall sequence.
Unique TPR signature of the FCBP family and its phylogenetic subsets TPR sequences are roughly 34 amino acid-long, degenerate repeats, in which the properties of key amino acids in specific positions, rather than the exact residues, are conserved (Cerveny et al. 2013; D'Andrea and Regan 2003) . Although TPRs occur in various number of repeats, a recent large-scale survey of all TPR-containing proteins in living organisms revealed that three-TPR (3TPR) is the most common, comprising~40% of all TPRs (Sawyer et al. 2013 ). The analysis led to the identification of overall amino acid signatures in all 3TPRs as well as distinct signatures of each of the three individual TPR motifs. As described in BMethods,^I adopted this successful strategy to analyze the 3TPR domains of the FCBPs. These plots (Fig. 5 ) revealed a number of interesting and unique features of the TPRs of the FCBPs. First, as marked by arrows, each FCBP TPR showed major amino acid differences with the corresponding global TPR. In TPR1, for example, the most unique residues were: K5, G8, F12, Y24, E26, G27, Y30 and D/E32. Whereas G8 and Y24 could be seen in a subset of the all 3TPR1 pool, the residues K5, F12, and D/E32 were virtually absent in all 3TPR1s. The residues K5, G8, A20, and Y24 were essentially invariant in all 30 FCBP T P R 1 ( w i t h t h e s i n g u l a r e x c e p t i o n o f L 5 i n Pseudocohnilembus persalinus) (Supplementary Material 1) . Such uniqueness extended to the next two TPR motifs as well. In TPR2, the most unique residues were: L5, N6, C10, and K13, of which L5 and K13 being extremely rare in the global non-FCBP pool. Second, in the TPR3 of FCBPs, multiple unique residues were found that were very rare in the global non-FCBP pool; they were K2, L4, Y5, R11, L17, K21, D23, L24, K29, D31, and N34. Finally, when TPR1, TPR2, and TPR3 within the FCBP family were compared with one another, the consensus signature of the three showed clear differences; in fact, they appeared to be more different than the three TPRs in the global 3TPR pool (Fig. 5) . I conclude that the FCBP TPRs have a consensus signature that is unique from the global biological TPRs. It is to be pointed out that these unique residues are conserved among all FCBP organisms even though they span diverse genera and species (Supplementary Material 2) . Finally, an invariant tryptophan (W) is present exclusively in the Apicomplexa FCBP TPR domains, located three residues downstream of the first TPR motif (TPR1) (Supplementary Material 1) . Since the FCBP TPRs were clearly distinct from the average sequence of all biological TPRs, I inquired whether they are similar to TPRs found in FKBPs and CYNs. As mentioned before, while most immunophilins are devoid of TPRs, the large FKBPs (such as FKBP51, FKBP52, and FKBP8/38) and large CYNs (such as CYP40) contain 3TPRs. However, Fig. 4 Relationship among FCBP sequences. The phenogram of all FCBP sequences was derived from multiple sequence alignment as described in BMethods.^These sequences are exclusively eukaryotic, and the clusters are marked as these examples are small in number, I realized that a multiple alignment to find immunophilin-specific TPR consensus will be less useful than searching for specific residues known to function in protein-protein interaction. Among the TPRinteracting proteins that have been studied in detail are the heat shock proteins 70 and 90 (Hsp70 and Hsp90), which also act as chaperones (Mattoo and Goloubinoff, 2014) . Both are also ubiquitous proteins with highly conserved sequence. The binding exhibits various degrees of specificity between the two partners; Hsp90, for example, is preferred over Hsp70 to bind to the TPRs of the large FKBPs (Assimon et al. 2015; Guy et al. 2015) . In particular, peptide-TPR co-crystal structure and mutational analysis have established that the invariant C-terminal pentapeptide, MEEVD, of Hsp90 (Gupta 1995) interacts with specific residues that are common to the TPRs of long FKBPs and CYNs (Assimon et al. 2015; Cliff et al. 2006; Scheufler et al. 2000; Ward et al. 2002; Wu et al. 2004) . The residues, found to be absolutely essential for MEEVD binding, are: K5, N9 in TPR1, N6 in TPR2, and K2, R6 in TPR3. As shown in Fig. 5 , these residues are invariant or highly conserved in the FCBP TPRs as well. I have also found Hsp90 homologs in all the DFI organism genomes that I have examined so far, and all of them have C-terminal MEEVD in their conceptually translated sequence. Although originally discovered as a gene induced under heat shock, subsequent studies have shown that proteins of several Hsp families are induced and are protective in cold shock and other stresses as well (García-Descalzo et al. 2011; Hossain and Nakamoto 2002; Kaneko and Kibayashi 2012; Maikova et al. 2016; Sonna et al. 2010) . It is, therefore, likely that Hsp90 is one of the proteins that FCBPs interact with, which may further enhance the efficiency of chaperoning of the client proteins under stress conditions, including extreme heat and cold, to which many DFI organisms are subjected to. Fig. 5 Sequence consensus among the three TPR motifs of FCBP. The 34-residue sequences of the TPR1, TPR2, and TPR3 motifs of all FCBPs were plotted in sequence logo format using the WebLogo software (Crooks et al. 2004) . In each panel, the plot was compared with the corresponding TPR motif of all biological 3TPRs (Sawyer et al. 2013) , as described in BResults.^Amino acid numbers (N-to C-terminus) are shown along the X-axis, and the Y-axis represents their relative abundance. The most conserved amino acid residues in the FCBP TPRs are indicated by all arrowheads. Residues that are known to interact with the MEEVD sequence of Hsp90, based on structural studies of CYN and FKBP TPRs (Cliff et al. 2006; Scheufler et al. 2000; Ward et al. 2002; Wu et al. 2004) , are specifically indicated with closed arrowheads (detailed in Results); note that they are also among the most highly conserved, supporting the functional importance of a potential FCBP TPRHsp90 interaction
Discussion
This communication provides the first theoretical framework of the possible role and evolution of the dual-family immunophilins (DFI) that were reported by our laboratory in 2005 (Adams et al. 2005) . Homology-based structure prediction concurred with our hypothesis that the DFIs may act as bifunctional chaperones due to the flexibility of the loop connecting the CYN and FKBP domains. We also showed previously that several DFIs possess protein prolyl isomerase (PPIase) activities (Adams et al. 2005) , which play an important role in the proper folding of the client protein by promoting cis-trans isomerization of the Pro residues (Schmidpeter and Schmid 2015) . I propose a model (Fig. 6 ) in which, under the extreme conditions of the DFI organisms, the DFI chaperones play an essential role in the cotranslational folding or renaturation of multiple polypeptides of a large protein complex or the different domains of a large polypeptide. If prefolded separately by individual immunophilins, these polypeptides may not form a functional multisubunit complex, and such folding may also be kinetically too slow to protect the polypeptides from denaturation in the harsh environment. Proper assembly of complexes such as nutrient transporters may also be essential for their transport to appropriate locations in the membrane. In this scenario, the DFIs themselves may be located in the vicinity of the cell membrane in order to promote cotranslational folding and vectorial transport of membrane proteins and extracellular enzymes.
Due to the unambiguous placement of CFBPs in prokaryotes and FCBPs in eukaryotes, they do not have a proximal common ancestor, and the lineage-specific anc e s t o r s , s u c h a s H y d r o g e n b a c t e r, A r c h a e a , o r Diplomonadida (Fig. 1) , do not have DFI genes. Thus, independent creation of the ancestral CFBP and FCBP genes, respectively in prokaryotes and eukaryotes, followed by minor sequence changes for each species within a phylum, can explain the current phylogenetic distribution of the DFIs. Even within a phylum, the DFI sequences may have been selected by lifestyle needs of the organism rather than by phylogeny, since as mentioned, Plasmodia is a major Apicomplexan that do not contain a DFI, while several other members of this phylum do.
The CYN and FKBP domains of DFIs offer no surprises, since their primary and predicted tertiary structures are similar to the individual homologs in all living cells (Fig. 2) . Our early studies (Adams et al. 2005) revealed that each domain possessed the hallmark PPIase activity and was also inhibited by the class-specific inhibitors, thus proving that the active site and drug-binding residues are intact. A gross examination of several other DFIs revealed that the key enzymatic residues are conserved in them. I presume that the majority of DFIs are functional PPIases and may also have the expected chaperone activity. As a corollary, they may be explored as therapeutic targets (Schiene-Fischer 2015; Ünal and Steinert 2014) , perhaps through the designing of selective bispecific drugs (Dunyak et al. 2015; Yang et al. 2015a) .
Our studies of TPR domains in the FCBP-type DFIs have revealed unique consensus sequences; they also revealed that the three TPR motifs in these domains are not created equal. Since TPR domains are involved in protein-protein interactions, it is logical to conjecture that the unique residues are involved in selective interactions with FCBP-specific client proteins. This may hold the key to the ability of the FCBP to specifically chaperone the large proteins in extreme environments, as I have suggested. Experimental detection of interacting residues in FCBP-client complexes will shed light on this intriguing possibility.
There are very few published reports of the total microbiome of extreme environments. One study of microbial In this model, a dual-family immunophilin uses its two chaperone domains (FKBP and CYN, in either order) in cis to assist in proper folding of large polypeptides (A, B) or multisubunit complexes, more rapidly, and efficiently than single chaperones in trans can diversity in a deep-subsurface hydrothermal aquifer in Naica Mine, Mexico (Ragon et al. 2013 ) employed 18S rRNA sequence as the species identifier and detected only a few organisms in the high-temperature low-nutrient regions, consisting of no eukaryotes, only several Proteobacteria, and a few archaea, as the major OTUs. None of the DFI organisms were found in this particular niche. A more recent and comprehensive study of >30,000 marine microorganisms from global ocean waters allowed a clearer decoupling of function and taxonomy (Louca et al. 2016) and revealed that the environmental conditions, not taxonomy, dictate the metabolic profile of the organisms, thus defining a common Bmetabolic niche.Î nterestingly, the marine microbial population in this study included two CFBP phyla (Bacteroidetes, Spirochetes) and shared several metabolic functions (Louca et al. 2016) . This is again consistent with our hypothesis that environmentrelated metabolic needs, rather than phylogeny per se, resulted in the creation and evolution of the DFI sequences, and therefore, the DFI organisms define a new OTU. Identification of the DFI substrate repertoire from multiple organisms and determination of their roles in natural or simulated conditions will shed light on the physiological function of this unique and rare family of immunophilins.
